ABSTRACT. Patchouli [Pogostemon cablin (Blanco) Benth.] is an aromatic, herbaceous plant belonging to the Lamiaceae family native to Southeast Asia. Its leaves produce an essential oil regularly used by the perfume and cosmetics industries. However, since patchouli from the Philippines and India were described and named Pogostemon patchouli, there has been a divergence in the identity of these species. The objective of the current study was to study the genetic diversity of patchouli accessions in the Active Germplasm Bank of Universidade Federal de Sergipe using microsatellite and inter simple sequence repeat markers. The results of both types of molecular markers showed that there are two well-defined clusters of accessions that harbor exclusive alleles. It was observed that these two clusters are genetically distant, suggesting that they belong to 
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INTRODUCTION

Molecular analyses with SSR markers
The cetyl trimethyl ammonium bromide (CTAB) protocol described by Doyle and Doyle (1990) was used to extract genomic DNA from the samples and a genomic library enriched for patchouli SSRs was generated (Billotte et al., 1999) . The genomic DNA was digested with the enzyme AfaI, and the digestion product was ligated to the adaptors Afa 21 (5ʹ-CTCTTGCTTACGCGTGGACTA-3ʹ) and Afa 25 (5ʹ-TAGTCCACGCGTAAGCAAGAGCACA-3ʹ). The fragments were pre-amplified using polymerase chain reaction (PCR) and purified with the QIAquick ® PCR Purification kit (Qiagen, Chatsworth, CA, EUA) according to the manufacturer protocol.
Fragments containing SSRs were selected using beads (magnetic spheres) bound to streptavidin from the Streptavidin MagneSphere Paramagnetic Particles kit (Promega). Beads prewashed with purified DNA were mixed with the biotinylated SSR oligonucleotides (CT) and (GT).
The selected fragments were amplified using PCR, and the amplified fragments were ligated to a cloning vector (pGEM-T). The cloning product was added to medium with XL1-BLUE cells for bacterial transformation, and the insert was, thus, amplified. Colonies with a white color were replica-plated on an ELISA plate. The construct (vector + fragment) was maintained in U-bottom plates under appropriate conditions for subsequent analysis, and a step was performed to check if the transformed clones contained the inserts. The plasmid DNA was isolated from the recombinant colonies, and the insert was amplified so that the fragment could be sequenced. To eliminate possible interfering products or an excess of the sequencing reaction reagents, the samples were purified and sequenced.
WebSat (http://wsmartins.net/websat) was used to identify SSR regions and primers were designed with Primer3 software (Untergrasser et al., 2012) . Gene Runner v. 3.05 (Hastings Software Inc., Hastings, NY, USA; http://www.generunner.net/) was used to validate the parameter values established for primer design and demonstrate the probability of formation of secondary structures preventing the use of the primers. Finally, the Chromas (Technelysium Pty Ltd., Australia; http://www.technelysium.com.au) program was used in the sequencing analysis of the SSR and primer regions.
The reaction was optimized on agarose gel, and the primers were tested on a polyacrylamide gel. For those primers that did not yield any bands, even with a temperature gradient, a touch down program was also used. The PCR-amplified fragments were subjected to 7% denaturing polyacrylamide gel electrophoresis and stained with silver nitrate.
The 10 accessions were divided into two clusters based on the results obtained by Blank et al. (2011) : one cluster consisted of POG-001 and POG-006 and the other cluster consisted of the remaining 8 accessions. In the statistical-genetic analyses, the allele frequency, observed heterozygosity (H O ), expected heterozygosity (H E ), allele amplitude, and polymorphic information content (PIC) were determined using MStools (Park, 2001) . FSTAT provided the number of alleles per locus (N A ), allelic richness and F-statistics (fixation index F ST and inbreeding coefficient F IS ) using Weir and Cockerham's methods (1984) (Goudet, 1995) . The allele and genotype frequencies of each locus were calculated using the TFPGA program (Miller, 1997) . The Structure software (Pritchard et al., 2000) was used to estimate the most probable number of clusters of samples. The number of clusters, K, was defined according to the criteria proposed by Evanno et al. (2005) .
Molecular analyses with ISSR markers
Genomic DNA was extracted as described for SSR markers. After extraction, samples were quantified and diluted in Tris-EDTA buffer to a final concentration of 3 ng/µL. PCR was optimized using accessions POG-001 and POG-014 to determine which primers would amplify DNA fragments with specific, polymorphic bands.
A total of 41 ISSR primers already available in the literature were tested, and 22 were selected. To determine the annealing temperature, a temperature gradient was tested, and the temperature showing the best amplification of non-specific, robust bands was selected.
PCR products were analyzed using 1.4% agarose gel electrophoresis and stained with blue green loading dye I (LGC Biotechnology). After the run, the gels were photographed under ultraviolet light, which revealed the DNA fragments marked with the dye. The bands for each primer were analyzed according to their presence (1) or absence (0). Arlequin version 3.11 was used to perform analysis of molecular variance (AMOVA) (Excoffier et al., 2005) . PopGene version 1.31 was used to calculate genetic similarities between the two clusters, assuming that the populations are in Hardy-Weinberg equilibrium (Yeh et al., 1999) . The estimates used were N A , effective number of alleles (N E ) (Kimura and Crow, 1964) , H E (Nei, 1973) , Shannon index, and PIC.
The Structure software was used to estimate the number of clusters present for the studied patchouli accessions (Pritchard et al., 2000) . DarWin was used to generate a dendrogram of the cluster formation, using Dice dissimilarity.
When evaluating chemical variations of the essential oil of the patchouli accessions in the Active Germplasm Bank of Universidade Federal de Sergipe (except POG-017), Blank et al. (2011) detected two clusters through multivariate analyses of four harvests, with POG-001 and POG-006 forming the first cluster (P. heyneanus), and the remaining accessions forming the second cluster (P. cablin).
RESULTS
Molecular analyses with SSR markers
Sequencing of 96 samples from a plate using the genomic library revealed 24 SSR sequences, a 25% enrichment index. Of the SSR motifs identified, 10 were dinucleotides, four were trinucleotides, eight were tetranucleotides, one was a pentanucleotide, and one was a compound. Among the SSRs identified, only six pairs of primers were designed, making it necessary to sequence other colonies.
The enrichment index in the second sequencing reaction (10.4%) was lower than that in the first, and only 10 SSRs were identified among 96 samples. These motifs were classified and quantified as two dinucleotides, three trinucleotides, three tetranucleotides, one pentanucleotide, and one motif that was redundant with the first sequencing reaction. Six additional pairs of primers were designed from these nine non-redundant sequences.
A total of 12 pairs of primers were synthesized and named Pca1 to Pca12. Following optimization of the primers on a polyacrylamide gel, six polymorphic loci were used in further analyses (Table 2) . Using the optimized primers, 14 alleles were identified for the six loci studied. The Pca1 primer revealed the highest number of alleles (4), whereas all the other loci revealed two alleles, with an average of 2.33 alleles per locus.
Of the polymorphic microsatellite loci, five contained dinucleotide motifs, and only one featured a trinucleotide motif. All the primers designed for tetranucleotide or pentanucleotide microsatellites were monomorphic. For the Pca1 locus, H E was 0.66 for cluster A and 0.53 for cluster B, whereas H O was 1 for both clusters at the same locus. For the other loci, H E and H O were both 0. The PIC value for Pca1 was 0.375 for both clusters studied. For the other primers, PIC was 0.
Using the matrix of genetic distances created by Rogers (1972) , modified by Wright (1978) , and according to the Neighbor-Joining method clustering criteria, a dendrogram was generated using the TFPGA program (Miller, 1997) , which shows the relationships between the 10 accessions studied (Figure 1 ). The Structure software proved to be an efficient tool in cluster identification because it was successful in clustering the 10 accessions into two distinct, well-defined clusters: the black colored cluster, containing POG-001 and POG-006 (P. heyneanus), and the gray colored cluster, containing the remaining accessions (P. cablin) (Figure 2A) . 
Molecular analyses with ISSR markers
Of the 41 primers used, 22 generated specific bands. Of the 181 bands obtained, a total of 146 were polymorphic (80.66%) and 35 were monomorphic, with an average of 8.23 bands per primer. The number of bands identified per primer ranged from 3 (primer 7) to 20 (primer MAO; Table 3 ).
ISSR data also shows high F ST value (0.905) between Pogostemon heyneanus and Pogostemon cablin clusters. The mean N A , N E , Nei's (1973) gene diversity, and Shannon's Information index were 1.055, 1.055, 0.028, and 0.038, respectively, for P. heyneanus and 1.210, 1.089, 0.059, and 0.095, respectively, for P. cablin (Table 4) . The average Nei's gene diversity (1973) and the Shannon index (Lewontin, 1972) were 0.0229 and 0.0334, respectively, for P. heyneanus and 0.0695 and 0.1046, respectively, for P. cablin. The percentage of polymorphic loci was 5.52% for the first cluster and 20.99% for the second cluster. N A , observed number of alleles; N E , effective number of alleles (Kimura and Crow, 1964) ; h, Nei's (1973) gene diversity; I, Shannon's Information index (Lewontin, 1972) . Standard deviations are show in parentheses.
AMOVA for the 10 patchouli accessions studied showed higher genetic variation between the two clusters (90.51%) than within the clusters (9.49%; Table 5 ). The use of the Structure program led to the formation of two specific clusters from the 10 accessions studied. One of the clusters consisted of accessions POG-001 and POG-006. All the remaining patchouli accessions of the Active Germplasm Bank Universidade Federal de Sergipe formed the second cluster, colored in black ( Figure 2B ).
DarWin was used to identify the individual clusters, placing accessions POG-001 and POG-006 in a cluster separate from that of the other accessions (Figure 3) .
The F ST calculated (0.833) shows the divergence between P. heyneanus and P. cablin clusters. Deficit of heterozygotes was detected by F IS estimate (0.917) ( Table 6 ). 
DISCUSSION
SSRs
The use of molecular markers is an efficient option for the characterization of germplasm banks, which is necessary for appropriate maintenance of biological resources to ensure no genetic losses or duplications occur. The division of the patchouli accessions into two clusters was based on a study by Blank et al. (2011) . Considering that POG-001 and POG-006 are different species of P. cablin, the genetic divergence between individuals -if placed into a single cluster -would be very high, but would not represent the real genetic characterization of the accessions.
One of the advantages of using SSR markers is their codominance, allowing individuals with heterozygous loci to be differentiated from homozygous individuals. In this study, only POG-001 and POG-006 featured heterozygous loci, which may be explained by the fact that they are the only plants among the 10 accessions that generate inflorescences in northeast Brazil. It is likely that, in their native environment, there was gamete exchange between plants, which enabled genetic recombination and heterozygote emergence. Because the other genotypes of patchouli from the Active Germplasm Bank of Universidade Federal de Sergipe do not produce flowers and reproduce asexually, there has been no allele exchange between different individuals. In general, in their natural habitat, heterozygous plants of P. cablin must be uncommon.
In both the first and second sequencing reactions, primers were not designed for all SSR sequences identified because it was not possible to design good quality primers. This occurred due to the proximity of SSRs to the adapters or because the flanking regions of the fragments did not have good sequencing quality, preventing primer design.
Among the polymorphic SSR loci, five contained dinucleotide motifs and only one featured a trinucleotide motif. All the primers designed for SSRs with tetranucleotide or pentanucleotide motifs were monomorphic. The dinucleotide motifs were polymorphic because they had more repetitions than, for example, the pentanucleotides. This finding has already been reported by Chin et al. (1996) , who determined that dinucleotide microsatellite repetitions are frequently the most polymorphic class, and by Zhu et al. (2003) , who correlated the non-occurrence of polymorphisms in microsatellites with few repetitions in tandem with the "slippage" of the DNA polymerase. Therefore, loci with a higher number of repetitions are more susceptible to mutation, and there is a higher probability of error by the DNA polymerase during DNA replication through slippage. Strassmann et al. (1997) explained that it is expected that loci with fewer than five repetitions are rarely polymorphic, as in the case for patchouli.
In general, the SSR motifs more commonly found in plant genomes are the AT/TA dinucleotides, followed by AA/TT and GA/CT (Pinto et al., 2001 ). More than half the SSR loci used in this study featured these repetitions, which confirm the data by Pinto et al. (2001) .
For the Pca1 locus, because H E was lower than H O in both clusters, we concluded that there is an excess of heterozygotes relative to the expected number based on Hardy-Weinberg equilibrium. de Moura et al. (2009) also found a higher H O than H E in a study of Solanum lycocarpum, which suggests an excess of heterozygotes. The observed heterozygosity may be considered a relationship between the heterozygous individuals in the cluster. A higher average index of H O and H E relative to other studies may result in part from the lower number of individuals evaluated here. A sampling error based on the small sample size used here could lead to a lack of possible representative genotypes for each locus. The presence of a higher number of homozygotes in the studied cluster, with heterozygotes being rare, may be explained by the fact that patchouli reproduction occurs via cuttings. Therefore, in future study, population heterozygosity data will probably be in agreement with those of other researchers if a larger sample of individuals is used.
Regarding the other loci studied, H E and H O were null, indicating a deficit of heterozygotes. According to Huang et al. (2009) , this could suggest a loss of genetic polymorphism due to genetic drift or possibly due to population structuring within that cluster. These two hypotheses could explain the null H E and H O , and they also imply that individuals in each cluster may be clones.
Analyzing the plots of allele frequencies, it is evident that for the primers studied, the alleles of the first cluster are not shared with any individual in the second cluster and vice-versa.
P. cablin alleles are shared by all the accessions in this cluster. The same is true for Pogostemon sp (POG-001, POG-006) accessions evaluated for their alleles.
A good indicator of marker quality in genetic studies is PIC, described by Botstein et al. (1980) . According to the classification by this author, markers with PIC values higher than 0.5 are considered to be very informative, those with values between 0.25 and 0.50 are moderately informative, and those with values lower than 0.25 have little informative value. According to this classification, only Pca1 was a moderately informative marker because its PIC value was 0.375, whereas the other markers were not informative, with PIC values of 0. However, this low value, which tends to suggest a marker of low quality in terms of its informativeness, is due to the low number of individuals in the study; if we increase the sample size, the PIC value will probably change.
The Bayesian analysis performed using the Structure software confirmed that there is no allele sharing between the accessions in the first cluster relative to the second cluster and vice-versa, at least for the primers used in this study. The graph produced by Structure showed filled vertical bars, representing total certainty that the accessions were grouped correctly. The dendrogram obtained with the Neighbor-joining method also showed the formation of two well-specified clusters, which correspond to the results of the Structure analysis. From these analyses, it was determined that the Pogostemon sp accessions are genetically very distant from the P. cablin accessions.
ISSRs
While ISSR markers are also dominant, they are more reproducible than random amplified polymorphic DNA. This reproducibility is associated with two characteristics that provide higher specificity to the ISSR primers, their higher annealing temperature and their design based on microsatellite regions, making them semi-arbitrary markers.
A high number of primers yielding polymorphic, robust bands were obtained in this study (22) , considering that in several other research studies, the number of primers used was approximately 10. de Almeida et al. (2009) , who performed molecular characterization of sugarcane with ISSR markers, were able to generate robust bands with eight primers. Hussein et al. (2008) used nine primers to amplify fragments in studies of strawberry. From 21 initial primers, Djè et al. (2006) obtained bands with good amplification using 11 of the primers in studies of Cucurbitaceae.
The number of bands obtained from the 22 primers was relatively high (146 polymorphic) and was close to that reported by Wu et al. (2010) in a study of P. cablin populations using ISSR markers, who observed a total of 241 bands from 19 primers. The percentage of polymorphic bands relative to all accessions was very close to the results of Pan et al. (2006) , who genetically characterized five P. cablin populations using RAPD markers, identifying 79.76% of the total bands as polymorphic, which enabled the identification of genetic variation within the different populations studied.
The Shannon index is a metric that ranges from 0 to 1; the closer that value is to 0, the lower the diversity. This index was close to 0 for the two clusters studied here, establishing that the diversity within these clusters is low. These results were expected upon visual analysis of the agarose gel because it was evident that almost no variation in terms of the height of the bands existed within the clusters studied.
The F ST value (0.90510), which was obtained from AMOVA, was highly significant (P < 0.001). This value indicates that 9.49% of the total variation occurs within the clusters and that 90.51% occurs between the clusters. This high value (F ST = 0.9051) may indicate that there is reduced gene flow between the clusters, leading to an increase in genetic differentiation. According to Hartl and Clark (2007) , F ST values above 0.25 indicate very high genetic differentiation. We suggest that the high genetic variation between the two clusters, provided by AMOVA, probably occurred because the P. heyneanus individuals belong to a different species from that of P. cablin cluster.
The low genetic diversity found within each cluster studied in this study may be associated with the fact that patchouli is not a species native to Brazil and is present in a germplasm bank, without allele exchange between individuals. Moreover, according to Paul et al. (2010) , the propagation of patchouli occurs via cuttings, and there is no allele exchange through sexual reproduction.
The use of the two types of molecular markers evaluated in this article enabled a more general analysis of the active germplasm bank studied. The specificity of the SSR markers proved to be efficient for differentiation of the accessions into two well-defined clusters. To compensate for the limited number of individuals, characterization with ISSR markers was necessary and completed the analysis satisfactorily. Being semi-arbitrary markers, ISSRs enabled the detection of a higher number of bands and also confirmed the results obtained with the SSRs for Pogostemon sp.
Based on these results, we conclude that POG-001 and POG-006 are different species of P. cablin, commonly known by the same name (patchouli) and classified as P. heyneanus by the herbarium of Universidade Federal de Sergipe. The analysis using the six pairs of SSR primers placed the other individuals from the active germplasm bank into a single cluster, as clones.
The SSR primers described here were very efficient in the detection of polymorphisms because we obtained polymorphic bands. The results obtained with ISSR markers indicate that these markers may be used efficiently in the fingerprinting of patchouli accessions.
